Nitric-oxide reductase (NOR) of a denitrifying bacterium catalyzes NO reduction to N 2 O at the binuclear catalytic center consisting of high spin heme b 3 and non-heme Fe B . The structures of the reaction intermediates in the single turnover of the NO reduction by NOR from Pseudomonas aeruginosa were investigated using optical absorption and EPR spectroscopies combined with an originally designed freeze-quench device. In the EPR spectrum of the sample, in which the fully reduced NOR was mixed with an NO solution and quenched at 0.5 ms after the mixing, two characteristic signals for the ferrous Fe B -NO and the penta-coordinated ferrous heme b 3 -NO species were observed. The CO inhibition of its formation indicated that two NO molecules were simultaneously distributed into the two irons of the same binuclear center of the enzyme in this state. The time-and temperature-dependent EPR spectral changes indicated that the species that appeared at 0.5 ms is a transient reaction intermediate prior to the N 2 O formation, in good agreement with the so-called "trans" mechanism. It was also found that the final state of the enzyme in the single turnover cycle is the fully oxidized state, in which the -oxo-bridged ligand is absent between the two irons of its binuclear center, unlike the resting form of NOR as isolated. On the basis of these present findings, we propose a newly developed mechanism for the NO reduction reaction conducted by NOR.
So far, two types of NOR have been isolated from bacteria and fungi (1) (2) (3) . NOR in the denitrifying fungal system is soluble and classified into the cytochrome P450 superfamily (5) (6) (7) (8) (9) . Thus, fungal NOR (P450nor) contains one heme iron that acts as an active center for all chemical reactions in the NO reduction. On the basis of spectroscopic (10 -12) , crystallographic (13, 14) , and molecular biological results (15) , the molecular mechanism of the NO reduction catalyzed by P450nor was proposed, in which the formation of the transient reaction intermediate, [Fe 3ϩ ϪNO] 2Ϫ ⅐H ϩ , is a key step. The NO molecule coordinated to the ferric heme iron of P450nor is activated with two electrons directly transferred from NAD(P)H and then reacts with another free NO to form N 2 O and H 2 O (10 -15) .
In contrast, NOR in the bacterial system is a membranebound hemoprotein containing a catalytic binuclear center (1) (2) (3) (4) . At present, three different bacterial NORs have been characterized (4) . The most studied bacterial NOR is the cytochrome bc complex, which is composed of two subunits, NorC (17 kDa) and NorB (53 kDa) (1) (2) (3) (4) . NorC contains a low spin c-type heme (heme c) and acts as an electron mediator from the soluble cytochrome c to the catalytic subunit, NorB. The metal centers of NorB consist of a low spin b-type heme (heme b) and a catalytic binuclear center containing a high spin b-type heme (heme b 3 ) and a non-heme iron (Fe B ). Since the amino acid sequence of NorB is homologous to that of the largest subunit (Subunit I) of cytochrome c oxidases, it is believed that NOR 2 belongs to the superfamily of heme-copper oxidases and the two enzymes share a common ancestor (16, 17) . Therefore, heme b 3 and Fe B in NOR correspond structurally to heme a 3 and Cu B in cytochrome c oxidase, respectively.
Despite extensive studies using spectroscopic (18 -26) , kinetic (27) (28) (29) (30) , and mutagenetic methods (31) , the molecular mechanism of the NO reduction reaction catalyzed by NOR has not yet been established. Thus far, two mechanisms have been proposed, each assuming a different structure of the binuclear center (heme b 3 and Fe B ) in the intermediate state of the NO reduction (Scheme 1). The "cis" mechanism for NOR (32) (33) (34) has been proposed on the basis of suggestions for cytochrome bo from Escherichia coli, in which two NO molecules bind to the oxidized Cu B (33, 34) . On the other hand, the "trans" machanism (4, 18, 21) is seemingly supported by EPR measurements for NOR under a steady-state catalytic condition (35, 36) . To understand the molecular mechanism of the NO reduction by NOR, the coordination and electronic structures of the binuclear center of NOR in the intermediate state must be well characterized with time-resolved spectroscopic techniques.
Recent optical and electrometric flow-flash experiments indicated that NO binds to heme b 3 in the fully reduced NOR within 2 s (a rate constant of 5 ϫ 10 5 s Ϫ1 ), and the first N 2 O formation is completed at ϳ1 ms (a rate constant of ϳ10 3 s Ϫ1 ) (29) . To follow such fast reactions, we can utilize the recently developed ultra-rapid freeze-quench system, which has minimally ϳ200 s of the mixing-to-freezing time interval (37, 38) , in sharp contrast with conventional freezing devices having a longer mixing-to-freezing time (5ϳ10 ms). In the present study, we freeze-trapped the reaction intermediates of NOR that accumulate in the submillisecond time domain of the single turnover cycle of the NO reduction reaction and investigated the structure and time evolution of the trapped intermediates using optical absorption and EPR spectroscopies.
EXPERIMENTAL PROCEDURES
Protein Purification-All purifications were carried out at 4°C. NOR was purified from membranes of anaerobically grown Pseudomonas aeruginosa PAO1. 3 The membrane was suspended in 10 mM Tris-HCl buffer (pH 8.5) to be the concentration of 10 g pellet/30 ml. Triton X-100 (Sigma) was added dropwise to the membrane suspension to a final concentration of 1%. The mixture was gently stirred at 4°C overnight and then centrifuged at 125,000 ϫ g for 1 h. The supernatant was layered on top of a 10 -30% linear sucrose gradients (60 ml) in 10 mM Tris-HCl buffer (pH 8.5) supplemented with 0.1% Triton X-100. The gradients were centrifuged at 125,000 ϫ g in a Hitachi ultracentrifuge (rotor type: RP45AT) for 20 h at 4°C. The brown fractions were collected manually and applied to anion-exchange chromatography on a DEAE-Sepharose (fast flow, Amersham Biosciences) column (volume: 60 ml), which had been equilibrated with 50 mM Tris-HCl buffer (pH 8.5) containing 0.1% Triton X-100. The proteins absorbed on the column were eluted with a linear gradient produced from 200 ml each of 50 mM Tris-HCl buffer (pH 8.5) containing 0.1% Triton X-100 and the buffer containing 300 mM NaCl. The eluates were collected and dialyzed against 20 mM Tris-HCl buffer (pH 8.5) containing 0.1% Triton X-100 and subjected to a second anion-exchange chromatography on a DEAESepharose column (volume: 20 ml) equilibrated with 20 mM Tris-HCl buffer (pH 8.5) containing 0.1% Triton X-100. The proteins absorbed on the column were washed with ϳ5-fold volume of 20 mM Tris-HCl (pH 8.5) containing 0.05% n-dodecyl ␤-D-maltoside (DM; Dojindo Co.) and eluted with the buffer containing 300 mM NaCl. The eluates were dialyzed against 50 mM potassium phosphate buffer (pH 7.5) containing 0.05% DM and applied to ceramic hydroxyapatite Type II (40 mm, Bio-Rad) column (volume: 40 ml), which had been equilibrated with 50 mM potassium phosphate buffer (pH 7.5) containing 0.05% DM. The eluates were pooled and dialyzed against 50 mM Tris-HCl buffer (pH 7.0) containing 0.05% DM. Purified protein was concentrated up to 250 M and frozen in liquid nitrogen and stored at Ϫ80°C. The biochemical analysis of this purified NOR practically reproduced the results reported for NOR from other denitrifying bacteria such as Paracoccus denitrificans and Pseudomonas stutzeri. 3 Sample Preparation by the Ultra-rapid Freeze-Quench Device-Some of the authors reported previously on the novel freeze-quench device, which has the time interval of 0.2 ms from mixing to freezing (37, 38) , and confirmed that the mixing-to-quenching time intervals from 0.2 to 50 ms can be systematically achieved utilizing this device based on the bi-molecular binding reaction of sodium azide to Met-myoglobin (7.0 ϫ 10 3 M Ϫ1 s Ϫ1 at pH 7.0) as a reference reaction (38) . In brief, two solutions continuously supplied from a syringe pump are mixed in the T-shaped micro-channel and form a jet that flushes against rotary silver disks cooled at 77 K by liquid nitrogen. Special care was taken to maintain the anaerobic condition of the device. The sample inlet was designed to attach a septum, through which the fully reduced enzyme could be transferred anaerobically. Before the introduction of the sample solution, the sample loop was washed twice with the degassed buffer and once with the buffer containing 10 mM dithionite, which was prepared anaerobically with the nitrogen-saturated buffer. The interval between the sample introduction and the freezequench procedure was kept within a few minutes.
The stock solution containing 250 M NOR in 50 mM Tris-HCl (pH 7.0), and 0.05% DM was degassed and fully reduced with dithionite (100 mM) at a final concentration of ϳ1 mM. The fully reduced enzyme was introduced anaerobically into the sample loop and pushed toward the mixer by the dithionite buffer introduced in one of the syringes. The other syringe was filled with the NO-saturated (1.9 mM at 20°C) buffer. The fully reduced enzyme and the NO-saturated buffer were mixed with a volume ratio of 1 to 1 at room temperature (ϳ20°C) and freezequenched using the device. The frozen powder in liquid nitrogen was manually collected and transferred to quartz EPR tubes (5 mm) or optical cells (path length: 1 mm) for the spectroscopic measurements. The frozen powder was packed with ϳ1.5 cm high in the EPR tubes, the volume of which was comparable with ϳ100 l of the frozen solution. To remove the large excess of dissolved NO in the frozen powder, the EPR tubes were immersed in a methanol bath cooled by dry ice at 193 K, evacuated, filled with nitrogen gas, and sealed.
Measurements of EPR Spectroscopy-The X-band (9.45 GHz) EPR spectrum was obtained with a Bruker Elexsys E500 spectrometer equipped with an Oxford Instruments ESR 910 continuous flow cryostat system, in which the temperature was monitored with an Oxford instruments ITC503 intelligent temperature controller. The measurements were carried out at 5, 11, and 35 K. The microwave power and 100-kHz field modulation were 5 mW and 1 mT at 5 and 11 K, and 2.5 mW and 0.5 mT at 35 K, respectively. To estimate the signal intensities for Fe-NO species of the frozen powdery samples, the double integrations of those signals were compared with the corresponding ones of the g ϭ 4.0 signal from the non-heme Fe-NO species of soybean lipoxygenase (Sigma) (39, 40) and the g ϳ 2 signal from the heme b-NO species of horse heart myoglobin (Sigma) (41) , on the assumption that the iron center in the those enzymes is completely occupied with NO. The set of intensity standards were measured at the three different concentrations, and the linear relationship with the protein concentrations and the double integrations of those signals was observed. The signal intensity of the high spin heme b 3 was similarly estimated using metmyoglobin as a standard. The intensity data for all sample was the average of two to four independent experiments. The error of the quantification for those signal intensity was estimated at most Ϯ 10%.
Measurements of Low Temperature Absorption Spectroscopy of Powdery Frozen Sample-
The absorption spectra of the powdery frozen samples were recorded on a PerkinElmer Life Sciences Lambda19 spectrophotometer, which was modified to incorporate an Oxford instruments DN1704 cryostat and frosted quartz windows (37, 38) . The intensity of the reference beam was adjusted using a black block to compensate for the intensity decrease of the sample beam. The sample temperature (ϳ120 K) was monitored by a thermocouple inserted directly in the cell. The slit width and the scan rate were 2 nm and 120 nm/min, respectively. Since it is difficult to obtain accurate absorbance from the absorption spectra for the powdery frozen samples, the intensity scales for the spectra presented in Fig. 5 were arbitrary.
RESULTS
Trace a of Fig. 1 shows the X-band EPR spectrum for the oxidized (resting) form of NOR isolated from Ps. aeruginosa, which was measured at 11 K. In this spectrum, the signals derived from ferric low spin heme b (g z ϭ 3.00, g y ϭ 2.26, g x ϳ 1.4) and heme c (g z ϭ 3.56) were stoichiometrically observed, while the ferric high spin heme b 3 and non-heme Fe B in the binuclear center was EPR-silent, due to an antiferromagnetic coupling through the -oxo bridge ligand between the two iron atoms, as was studied previously (18 -20, 35, 42) . The non-stoichiometric signals observed at g ϭ ϳ6 and 4.3 would be derived from a trace amount (ϳ3% by our estimation) of the uncoupled heme b 3 and Fe B , respectively. These EPR spectral features for NOR from Ps. aeruginosa were essentially the same as those reported for the enzymes from denitrifying bacteria Pa. denitrificans and Ps. stutzeri (18 -20, 35) .
Before examining the NO reduction reaction by NOR, we tested our freeze-quench device, by which the resting enzyme was mixed with an N 2 -saturated buffer and then frozen at 0.5 ms after the mixing. In the EPR spectrum of the resultant powdery sample (trace b of Fig. 1 ), the positions and the relative intensities of the signals arising from ferric low spin hemes b and c are exactly the same as those of the corresponding signals in the static spectrum (trace a), but their absolute intensities were uniformly reduced to approximately ϳ15%. The observation indicated that the powdery sample prepared by the freeze-quench device was diluted to ϳ40 M from the NOR stock solution (250 M), probably because the stock solution in the sample loop was diluted with the buffer that pushed the sample solution into the mixer. This recovery rate (ϳ15%) was independent of the mixing-to-freezing time intervals in the range of 0.5 ϳ 10 ms. We also measured the EPR spectrum of the fully reduced enzyme mixed with an N 2 -saturated buffer (trace c of Fig. 1 ), in which no EPR signal was observed, except for the signals from the uncoupled heme b 3 and Fe B .
Time-dependent EPR Spectral Change-To follow the NO reduction reaction catalyzed by NOR, the fully reduced enzyme was mixed with an NO-saturated buffer and then freezetrapped at 0.5 ms after the mixing. In the resultant EPR spectrum (trace d of Fig. 1) , two EPR signals were newly observed at g ϭ 4.0 and ϳ2, suggesting formation of a new species. The signal at g ϭ 4.0 was enhanced at 5 K, while it was invisible in the spectrum measured at 35 K (data not shown). The g value and line width of this signal were the same as those previously reported for the {Fe-NO} 7 system with the S ϭ 3/2 ground state of non-heme iron proteins and their model complexes, which is formed by the NO coordination to the ferrous non-heme iron (40, (43) (44) (45) (46) (47) (48) . In the S ϭ 3/2 {Fe-NO} 7 complex, the bound NO is formally reduced by the ferrous iron to yield NO Ϫ and a ferric iron that are antiferromagnetically coupled (48) . Therefore, we could assign the signal at g ϭ 4.0 to the Fe B -NO complex of the binuclear center of NOR.
On the other hand, the signals around g ϳ2 in the spectrum at 11 K seemingly consisted of a mixture of two components. The broad signal at g Ͻ 2.0 would be caused by an excess amount of free NO molecule included in the frozen powder, since the signal was not observed in the spectrum measured at 35 K, as shown in trace d of Fig. 1B . In this spectrum at 35 K, another signal at g ϳ 2 was enhanced and clearly exhibited a set of three lines, which can be assigned to the hyperfine splitting by the 14 N atom (I ϭ 1) of the bound NO to a low spin ferrous heme (g z ϭ 2.012, g x,y ϳ 2.08, NO A z ϭ 1.6 mT). The observation suggests the presence of the NO complex of the penta-coordinated ferrous heme, most possibly heme b 3 of the binuclear center in the new species (49, 50) .
The new nitrosyl species content was estimated by comparing the signal intensities in trace d of Fig. 1 with the reference EPR signals for NO adducts of the mononuclear heme and non-heme iron proteins (see "Experimental Procedures"). The estimation has revealed that ϳ30% of each iron site at the binuclear center was present as the nitrosyl species and that the ratio of Fe B -NO and heme b 3 -NO species was about 1:1. This fact indicates that the Fe B -NO and heme b 3 -NO species are not apparently derived from the trace amount (ϳ3%) of the uncoupled irons.
On the basis of the above EPR observations, it is likely to suggest that the species that appeared at 0.5 ms after mixing fully reduced NOR with NO is mainly the ferrous Fe B -NO and the penta-coordinated ferrous heme b 3 -NO complexes in the NOR binuclear center. To identify the species, we also followed the time-dependent EPR spectral changes in the reaction of fully reduced NOR with NO, in which the sample were prepared by quenching in the mixing-to-freezing time variation from 0.5 to 10 ms. The EPR spectra obtained at 0.5, 1.0, 3.0, CO Inhibition of Intermediate Formation-To characterize the reaction intermediate in more detail, we examined the CO inhibition of its formation. Previous studies on the reaction of fully reduced NOR with CO revealed that CO molecule bound to the heme b 3 iron was not replaced by NO within 100 ms (21, 28, 29) , while CO could not bind to ferrous Fe B site (29) . The CO-inhibited NOR was mixed with an NO buffer and freezetrapped at 0.5 ms. In the obtained EPR spectra (trace e in Fig.  1 ), the hyperfine split signal at g ϳ 2.0 was absent, while the signal at g ϭ 4.0 derived from the Fe B -NO complex was observed at 11 K, indicating that CO molecule apparently inhibited NO binding to heme b 3 site. The observation confirmed that the coordination sphere of the binuclear center of NOR would be widely open so that two diatomic molecules such as CO or NO can bind to Fe B and heme b 3 in the trans form.
Furthermore, we examined the microwave power saturation behavior of the g ϭ 4.0 signals for the reaction intermediate and the CO-inhibited species (traces d and e in Fig. 1A, respectively) . In Fig. 3 f in Fig. 4 were illustrated the absorption spectra of the fully reduced and resting forms of NOR, respectively, both of which were prepared with our freeze-quench technique. The spectral features of the fully reduced and resting enzymes at the cryogenic temperature were basically the same as those at room temperature (18 -20) . Trace b in Fig. 4 was the absorption spectrum of the reaction intermediate at 0.5 ms after mixing the fully reduced NOR with NO. Upon the intermediate formation, the broad Soret band was blue-shifted, but the spectral feature in the ␣-band region was similar to that for the fully reduced enzyme. The observation indicates that hemes b and c of the reaction intermediate are in the ferrous state, apparently consistent with the EPR result (trace d in Fig. 1 ). The absorption spectrum of the reaction intermediate unaltered below 193 K for several hours. However, upon raising the temperature from 193 to 243 K, the spectral pattern in the ␣ region was gradually changed, and in parallel, the shoulder at ϳ418 nm in the Soret region decreased in its intensity (traces c-e in Fig. 4) .
In trace e, the low spin hemes b and c were oxidized at least 50% of all. The experiment implies that the NOR enzymatic reaction could proceed from the reaction intermediate under the thermal annealing at Ͼ203 K.
The same processes were examined with the EPR spectral change. As examined by the optical absorption spectroscopy, the reaction intermediate observed at 0.5 ms was stable at 193 K, so that its EPR spectrum (trace a in Fig. 5 ) was also unchanged for 120 min. Raising the sample temperature higher than 193 K, the reactions gradually proceeded, as observed in the EPR spectral changes illustrated in traces b-f of Fig. 5 . The characteristic set of the signals at g ϭ 4.0 and g ϳ 2.0 for the reaction intermediate decreased in their intensities, with a concomitant appearance and increase in the signals for the ferric low spin hemes b and c caused by their oxidation. The signal intensities for the resultant ferric low spin hemes (trace f in Fig. 5 ) were at least ϳ80% of those of the resting enzyme, indicating that hemes b and c were stoichiometrically oxidized at 263 K for 90 min. The feature in the spectral changes, stated above, was basically the same as that observed in the mixing-to-freezing time-dependent experiment (see Fig. 2 ). However, it is worthy to note in this spectral changes (traces b-f in Fig. 5 ) that the signals at g ϭ 6.0 and 4.3 are newly appeared and increased in their intensities, which can be assigned to the ferric high spin heme b 3 and Fe B , respectively. Since the signals at g ϭ 6.0 were finally increased to ϳ100% in its intensity, in parallel with disappearance of the hyperfine split signal at g ϳ 2.0 (finally Ͻ3%), the ferric high spin heme b 3 could be fully converted from the ferrous heme b 3 -NO of the reaction intermediate.
When the sample in the final stage was partially melted above 268 K, re-reduction of all irons in the enzyme by excess dithionite in the bulk phase and re-binding of NO to iron sites of the binuclear center were observed (data not shown), suggesting that the reaction intermediate (ferrous heme b 3 -NO and Fe B -NO species) would be generated again. The observation implied that the enzymatic cycle of the NO reduction can slowly turnover under the steady-state condition in the partially melted sample. In contrast, keeping the sample below 263 K for 90 min (trace f in Fig. 5 ), all oxidized irons (hemes b, c, b 3 , and Fe B ) were scarcely re-reduced. Therefore, the spectral changes examined from traces a-f in Fig. 5 are caused by the single turnover cycle of the enzymatic reaction for NOR. The reaction intermediate formed and trapped at 0.5 ms undergoes some elemental reactions for 90 min at 263 K, and the single turnover cycle is completed in the final spectrum (trace f in Fig.  5 ). Therefore, it was noted that the final product of the single turnover cycle for NOR is the fully oxidized state, containing the ferric high spin heme b 3 and non-heme Fe B of the binuclear center as well as the ferric low spin hemes b and c, which is not identical to the electronic state of the resting enzyme.
DISCUSSION
Based on the results of this study, we propose a possible mechanism of the NO reduction reaction catalyzed by bacterial NOR, as shown in Fig. 6 . The proposal is based on the characterization of 3, 6, and 8, in Fig. 6 in the single turnover reaction, using submillisecond-resolved freeze-quench EPR spectroscopy.
The present EPR and optical absorption spectra of NOR from Ps. aeruginosa in the resting (1) and the fully reduced (2) states faithfully reproduced the spectral characteristics of NOR from other denitrifying bacteria such as Pa. denitrificans and Ps. stutzeri, suggesting that structural properties of the metal centers, especially of the binuclear center (heme b 3 and Fe B ), would be conserved in bacterial NOR (18 -20) . In the resting state 1, the -oxo-bridged ligand is present between the two iron atoms of the binuclear center, and the proximal histidine of heme b 3 site is dissociated from its iron center, as was manifested in a recent resonance Raman study using 18 O-and 2 H-labeled water (21, 23, 25) . The bridged oxo ligand might pull the iron of heme b 3 up to displace it out of the porphyrin plane and then to cleave the bond of iron and the fifth ligand His 350 . Other resonance Raman studies on NOR and its heme/nonheme model compounds suggest that the distance between the irons of heme b 3 and Fe B in this state is ϳ3.5 Å (4, 23, 51 ). In the heme/copper binuclear center of cytochrome c oxidase, the distance of heme a 3 -Cu B through an -oxo (or -hydroxo or aqua) or -peroxo bridge falls in the range of 4.4 -5 Å on the basis of its crystal structures (52) (53) (54) .
Upon reaction of NOR with sodium dithionite, all irons (hemes c, b, b 3 , and Fe B ) were reduced to the ferrous state (fully reduced form 2), and the bridged oxo ligand of heme b 3 was converted into a water molecule. Consequently, the proximal His 350 can associate to the iron of heme b 3 to form another type of the penta-coordinated structure, since the HisN-heme b 3 stretching frequency, HisN-Fe , of reduced NOR is observed at 218 cm Ϫ1 (21) . Despite such changes in the iron coordination structure of the heme b 3 upon reduction, the distance between two metal centers might remain within the range of 3.5-5 Å. The coordination sphere seems structurally wide enough for coordination of two ligand molecules (NO) to both irons of the binuclear center (see below).
Redox titrations of the four iron centers of NOR have indicated that the midpoint potential of the heme b 3 is ϩ60 mV, whereas those of the low spin hemes and Fe B are in the range of ϩ250 to ϩ350 mV (22) . It was, thus, suggested that the four-electron reduced form 2 could not be thermodynamically achievable by the physiological electron-donor such as azurin and cytochrome c and that the three-electron reduced form, in which heme b 3 is oxidized, would be the physiologically accessible starting point for the NO reduction cycle in cells (22, 24, 26) . However, our proposed mechanism in Fig. 6 , especially the Fig. 6 is generated at least within 0.5 ms upon reaction of the fully reduced form 2 with NO. In the preparation using our freeze-quench apparatus, about 30% of the enzyme in the frozen powder was converted into the reaction intermediate 3 at 0.5 ms after mixing 2 with NO. This fact suggested that the sample at 0.5 ms might be a mixture of some states containing the intermediate 3 and the EPR-silent forms, since the reaction from the state 3 would have considerably proceeded within 0.5 ms. However, we found that the reaction intermediate 3 can be also prepared by another method, that is, the frozen powder of 2 is kept in the EPR tube at ϳ223 K in the presence of a gaseous NO. As described under "Results," under this condition, NO can penetrate into the active site of the enzyme even in the frozen powder, but the next step from 3 proceeded very slowly, resulting in stably accumulation of the reaction intermediate 3. The sample thus prepared gave the EPR spectrum, the feature of which is exactly the same as that prepared using the freezequench device, but the signal intensities at g ϭ 4.0 and ϳ2 were extremely enhanced (data not shown). From the signal intensities, it was estimated that 60 -80% of the enzyme could be converted into the reaction intermediate 3 by this method. These findings suggested that the state 3 observed at 0.5 ms is a major reaction intermediate upon NO reduction reaction of the fully reduced form 2 with NO, which would be a precursor for the N-N bond formation and N-O bond cleavage through the formation of the hypothetical N 2 O 2 intermediate (4) (see below).
Our EPR results in the present system are in good agreement with the so-called trans mechanism and can rule out the cis mechanism. In the reaction intermediate 3, these two coordinated NO molecules are located in the close proximity so that they are capable of magnetically interacting with each other (see Fig. 3 ). Such close proximity of the two coordinated NO molecules would enable one coordinated NO (probably Fe B 3ϩ ϪNO Ϫ ) to electrophilically attack another bound NO (heme b 3 -NO), resulting in the diiron-bridged "N 2 O 2 " (hyponitrite) complex, as indicated in the hypothetical transition state 4.
This mechanistic model for the formation of the N 2 O 2 intermediate is predicted by the previous spectroscopic studies for the static state of native enzymes (4, 21, 23) . Interestingly, the hyponitrite intermediate has been also proposed for the NO reduction by fungal cytochrome P450nor (10 -12) . In addition, Karlin and co-workers (4) have suggested similar reactivity of the synthetic heme/non-heme diiron models. Then, the product N 2 O would be released from the bridged N 2 O 2 intermediate on the binuclear center of the enzyme. Although Turk and Hollocher (55) have suggested the involvement of nirtoxyl species (NO Ϫ ), followed by non-enzymatic dimerization and dehydration to N 2 O, in the N 2 O formation mechanism, the present mechanism might prevent NOR from generating the diffusible and highly toxic NO Ϫ species. In the flow-flash experiments, the hexa-coordinated nitrosylheme b 3 should be formed immediately after the NO binding to the ferrous heme b 3 (29) . However, the lifetime of the hexacoordinated reaction intermediate would be too short to be observed in our freeze-quench experiments. After the generation of this very short-lived hexa-coordinated species, the proximal His ligand is dissociated from the heme b 3 iron, and then the penta-coordinated heme b 3 -NO is formed. (56 -58) . Our finding, in that the fifth proximal ligand of heme b 3 -NO is absent in the reaction intermediate state, apparently suggests that there is no "push" effect on activation of the iron-coordinated NO in NOR. This is sharply contrasted with the NO reduction mechanism by fungal cytochrome P450nor, which has a highly electron-donating ligand, thiolate, as the fifth heme iron ligand. In the NO reduction by bacterial NOR it is likely that the close proximity of two NO molecules in the binuclear center might be essential in the N-N bond formation.
Partially Reduced State 6 of NOR-In the fully reduced form 2 of NOR, four electrons reside on four metals, so two N 2 O molecules can be released in the single turnover reaction of the enzyme. In other words, there are two NO reduction steps in the single turnover enzymatic reaction. After the first NO reduction step (2 3 3 3 4 3 5 in Fig. 6 ), two oxidized irons are left at the binuclear center (see state 5). However, the current data in Fig. 2 demonstrate that such EPR-active species is undetectable in the time domain from 0.5 to 10 ms, while the ferric low spin hemes b and c (the partially reduced state 6) is a final product of the first NO reduction step, as was illustrated in the EPR spectrum obtained at 10 ms (trace e in Fig. 2 ). The observation indicates that the binuclear center in the ferric state (5) is rapidly reduced with two electrons transferred from the ferrous hemes b and c (intra-molecular electron transfer), and the reduction has been completed within 10 ms after the intermediate formation. On the basis of the time dependence of the EPR spectral changes, we can roughly estimate the rate constant for these electron transfers as being faster than 10 2 s Ϫ1 . The estimation was comparable with the kinetic value ((1.0 Ϯ 0.1) ϫ 10 2 s Ϫ1 ) obtained from our stopped-flow experiments (see the supporting information), as was reported previously (29) .
Fully Oxidized State 8 of NOR-In the time-dependent EPR observations, the partially reduced form 6 was the final state of the enzyme. On the other hand, at a temperature higher than 193 K, the second NO reduction step after the state 6 is concomitantly proceeded; NO in the bulk phase of the frozen powdery sample bound to the re-reduced irons of the binuclear center in the state 6, although the intermediate 7 was not isolated at such higher temperature. It is worth noting that, after the second N 2 O formation step, a signal from a stoichiometric amount of the ferric high spin heme b 3 was observed, together with the signals from the ferric low spin hemes b and c (see trace f in Fig. 5 ). The observations suggest that the final state of the single turnover reaction, after two N 2 O formation, is possibly the fully oxidized state 8.
While the binuclear center of the resting state 1 gives no EPR signal, due to antiferromagnetic coupling of the two irons through the -oxo-bridged ligand (18 -20) , the stoichiometric EPR observation of the ferric high spin heme b 3 (ϳ100%) in the state 8 can be interpreted in terms of the absence of the -oxobridged ligand between two irons of the binuclear center, implying that the oxygen atom cannot be left after the single turnover of the NO reduction by NOR. The observation apparently contradicts the previous proposal, the Moenne-Loccoz's mechanistic model, in which the reduction of two NO to N 2 O leaves the -oxo-bridged ligand on the binuclear center (4, 21, 23). Karlin and co-workers (4) have demonstrated that, using the synthetic di-iron model, the newly formed bridged hyponi-trite species is decomposed into N 2 O and a -oxo-bridged ferric complexes in an aprotic organic solvent. On the other hand, using the synthetic palladium complexes catalyzing the reduction of NO to N 2 O, Trogler and co-workers (59, 60) (61) . Previous electrometric NO flow-flash experiments for NOR have exhibited an uptake of at least one proton from the periplasmic side within ϳ15 ms after the laser irradiation (29) . Previously this finding has been interpreted in terms of the requirement of one (or two) proton(s) for conversion of the -oxo ligand to a hydroxide ion (or water molecule). However, our present finding of the state 8 suggests that the protons are likely to be required for conversion of the N 2 O 2 intermediate (4) into N 2 O and H 2 O. This might be supported by the results that disappearance of the two coordinated nitrosyl species, derived from the formation and the following decomposition of N 2 O 2 complex, is observed in the same time region (ϳ10 ms) as the proton uptake stated above.
